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F1G. 8. Details of respiratory responses of wild-type (WT) (A) and knockout (KO) (B) mice during prolonged hypoxia at time points marked in Fig. 7. (A1)
Control breaths before hypoxic challenge. The third trace represents phrenic nerve discharges. Note that the piezoelectric transducer (PZT) responses show
asymmetrical shape. (A2) Typical traces during depression. The amplitude of percentage CO, and thermistor response was greatly increased. Responses numbered
above are enlarged in insets. Note that PZT responses show asymmetrical shape during depression. The upward PZT deflection of wide duration and intermediate
amplitude correlates well with the phrenic discharge above. (A3) A typical example of breaths during the stable, slow respiration, characterized by short width,
relatively large amplitude phrenic discharge and PZT response of biphasic symmetrical shape. (A4) Terminal breaths characterized by phrenic discharge are much
wider than other breaths and have extremely large amplitude. The shape of PZT response of terminal breaths is distinct from others during the preceding hypoxic
period. Ordinates shown in A1 are common to A2-4. Scales for the phrenic discharge in the rightmost inset are common to other insets in A. (B1-4) Similar to A1-4

but of a KO mouse. Phr., phrenic nerve recording; PZT, piezoelectric transducer.

In KO mice, both the duration of depression and persistent gasping
were much shorter than in wild-type mice (Figs 9, B2 and C2, and 10,
A2 and B2), and the onset of terminal gasping was significantly earlier
than in wild-type mice (Figs 9, C2, and 10, C1). The duration of
terminal gasping was also significantly shorter in KO than in wild-type
mice (Fig. 10, C2), indicating a crucial role of the Karp channels in the
maintenance of depression and persistent and terminal gasping in the
anesthetized condition.

Hypoxia-induced respiratory changes in unanesthetized
condition
Hypoxic responses were also analysed under unanesthetized condition

to exclude the influence of anesthesia. [n preliminary tests, all wild-
type and half of the KO mice exhibited no gasps at 8-9% O, within

the recording period (1500 s). Below 4% O, or if the hypoxia was
introduced as rapidly as in the anesthetized experiments, generalized
convulsive seizure interfered with the detection of gasping in KO mice
(Yamada et al., 2001). Thus, the experiments were performed at O,
concentrations from 4.5 to 7.0% at a very slowly declining rate of O,
while CO, changes and body movement were monitored (see
Materials and methods).

In these conditions, changes in the respiratory frequency could
readily be detected by the PZT responses (see Materials and methods),
the shapes of which were essentially similar to those detected in
anesthetized condition (Fig. 11, Al and B1). Tachypnea (onset, open
arrowhead in Fig. 11, A2 and B2) and subsequent depression (onset,
filled arrow in Fig. 11, A2 and B2) were detected in both wild-type
and KO mice. At 4.5-5.0% O,, no significant difference in onset of
tachypnea was detected between wild-type and KO mice, as in the

© The Authors (2007). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 25, 2349-2363

-99 .



2358 A. Miyake et al.

A1 A2
z 300 7 300 1
Eg
2 E 200 2001
[} -
ez Kir6.2(-/-)
=
2 §_ 100 100
2
S9
€% o 4 : ; ; ; 0 f
0 50 100 150 200 (s) 0 50 100 (s) 150
B1 B2
g’ i
£ 5 6
2
Y 4
]
h 27 2
[ polhean v
o X\A Nt A Nt —
0 50 100 U 150 200 (s) 0 500 100 (s 150
C1 C2
@ 05 05
P o4 04
3
£
© 03 03
[=
B o 02
o P .. .
s 0.1 M‘ . © et :. : .
g P 01 A onn *
4] T T LI T —T T ™ 0 T T T T ™
2 o 50 100 150 200 (s) 0 50 100 (s) 150

FiG. 9. Quantitative analyses of the respiratory responses of wild-type (WT) (Al, Bl and C1) and knockout (KO) (A2, B2 and C2) mice during prolonged hypoxia
depicted in Fig. 7. Changes in the respiratory frequency relative to the mean frequency before hypoxic challenge (0-10 s) of WT (A1) and KO (A2) mice. The onset of
depression in KO mice (filled arrow in A2) was delayed compared with WT (filled arrow in A1). In these plots, respiratory frequency was counted by piezoelectric
transducer (PZT) deflections with reference to expiratory flow. Asterisks indicate transient tachypnea around extraordinarily large breaths (sighs). (B1 and B2) Similar
to A but changes in the PZT index, reflecting symmetry of the upward (inspiration) and downward (expiration) deflections of the PZT response. Open arrows indicate
the time point at which the shape index shows a relatively constant value close to 1, i.e. the beginning of persistent gasping. For convenience, values in A and B (but not
C) are connected by lines. (C1 and C2) Similar to A but changes in width of phrenic burst. An abrupt increase in the width is clear (thin arrows), suggesting that gasping
of a distinct type begins (terminal gasping). Note the blank in the trace in C2, which indicates the apneic period before terminal gasping in KO mice.

anesthetized experiments (Fig. 12A). A similar comespondence was
also detected in other concentration ranges (data not shown). In
addition, unlike the anesthetized condition, no difference in peak
period or maximal respiratory frequency of tachypnea (P = 0.91 and
0.58, respectively) was detected between wild-type (n = 6) and KO
(n = 4) mice at 4.5-5.0% O,, at which no significant difference in
respiratory frequency was detected before hypoxic challenge. Consis-
tently, the onset of depression that emerged after the tachypnea was
also similar in the two types of mice (Fig. 12B).

One of the most distinctive features of the respiratory responses
of wild-type mice in the unanesthetized condition was that the first half
of the hypoxic period comprised irregularly mixed depressions of
variable frequency (filled arrowheads in Fig. 11, A2) and apnea-like
periods (open squares in Fig. 11, A2; very low amplitude in
percentage CO» and PZT traces in Fig. 11, Al), frequently accom-
panied by large body movements (Fig. 11, Al, large deflections in
PZT trace). Imprecise discrimination of depressions and apnea-like
periods made evaluation of the total period of depression difficult;
nevertheless, the responses could be discemed by changes in the
respiratory frequency (Fig. 11, A2) and differences in the height of the
percentage CO, trace in comparison with the PZT response (Fig. 11,
Al). In fact, the duration of depression including the apnea-like period

in wild-type mice (summation of the initial depression shown in
Fig. 11, A2 with the periods indicated by filled arrowheads and open
squares) was longer than in KO mice (estimated as in Fig. 11, B2).

Despite the irregularity in the hypoxic responses, a stable, slow
respiration thythm having a PZT shape distinct from that in the initial
half of the hypoxic period eventually emerged in all wild-type mice
tested [Fig. 11, Al, inset (1)]. This slow respiration exhibited a PZT
response of either symmetrical biphasic [Fig. 11, Al, inset (1)] or
triphasic [Fig. 11, Al, asterisk in inset (2)] shape and persisted until
just before the terminal breaths [Fig. 11, Al, inset (3)]. The biphasic
PZT shape was similar to that of the persistent gasping in anesthetized
condition (Fig. 8, A3). However, the triphasic shape was produced by
body movement possibly reflecting an expiration/inspiration/expir-
ation sequence. As the biphasic and triphasic shapes emerged
unpredictably during the hypoxic period, we included both types as
persistent gasping in the present study.

The PZT shape of the terminal breaths in wild-type mice was similar
to that in terminal gasping in anesthetized experiments, especially the
long duration between positive and negative deflections [inset (3) in
Fig. 11, Al; see also PZT trace in Fig. 8, A4), and in most cases a
sharp deflection followed by a wide valley in the opposite direction. In
addition, there was a clear tendency to a hypoxic response in accord
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FIG. 10. Statistical comparison of depression (A), persistent gasping (B) and
terminal gasping (C) under prolonged severe (5.0% O, at 60 s after valve
opening) hypoxia between wild-type (WT) and knockout (KO) mice in
anesthetized condition. (Al and A2) Onset and duration of depression,
respectively. (B1 and B2) Similar to A but of persistent gasping. Note that onset
of depression in KO mice was significantly delayed by ~15 s from that in WT
mice (A1) but the duration of depression in KO mice was shorter by ~80 s than
in WT mice (A2), resulting in earlier onset of persistent gasping in KO than in
WT mice (B1). (Cl and C2) Similar to A but of terminal gasping. As the
duration of persistent gasping of KO mice was much shorter than in WT mice
(B2), onset of terminal gasping of KO mice was significantly earlier than in WT
mice (Cl). Duration of terminal gasping of KO mice was slightly but
significantly shorter than that of WT mice (C2). Onset was measured from the
time that O, concentration actually began to decrease.
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with the severity of the hypoxia in wild-type mice. The onset of the
terminal gasping declined nearly linearly as the O, concentration was
lowered within the range of testing (4.5-7.0% O,) (Fig. 12D,
correlation coefficient 0.87).

The KO mice also showed persistent and terminal gasping [insets
(2) and (3), respectively, in Fig. 11, B1]. However, the period of stable
gasping seldom persisted [compare inset (1) to (3) in Fig. 11, Al and
B1]. In addition, the onset of terminal gasping in KO mice was
significantly earlier than in wild-type mice (Fig. 12C) and did not
change regardless of the O, concentration (Fig. 12D, cormelation
coefficient 0.21), indicating an inability of the KO mice to regulate the
hypoxic response according to the severity of the hypoxia in that range
of O, concentration (see also Supplementary material, Fig. SI).

As mentioned, there was no difference in onset or duration (peak
period) of tachypnea in wild-type and KO mice. In addition, the onset
of initial depression was similar in both types of mice. Thus, the
dependency of onset of terminal gasping on the severity of hypoxia
(Fig. 12D) suggests that maintenance of hypoxic responses from onset
of depression to the end of persistent gasping is regulated in an
O,-level-sensitive manner in wild-type but not KO mice. Thus,
considering both the anesthetized and unanesthetized experiments, it is
clear that Kir6.2-containing Karp channels are critically involved in
the maintenance of depression and gasping during severe hypoxic
conditions.

Discussion

Gasping appears clinically when the blood O, content is reduced to
~25% of the normal level, and is readily distinguished from eupnea
by the large opening of the lower jaw and long interbreath interval.
This distinct breathing pattern can persist for minutes or hours,
assuring minimum ventilation until the blood oxygenation state is
improved, but the molecular basis of the maintenance of gasping is
poorly understood. In the present study, each of the hypoxic responses
seen in wild-type mice could be generated in Kir6.2 KO mice but the
duration of depression and gasping, and not of tachypnea and sigh was
significantly shorter in KO than in wild-type mice in the anesthetized
condition. In addition, the total duration from onset of depression to
terminal gasping in KO mice was unaltered by the O, deprivation
level within the range of testing (4.5-7.0% O,) in unanesthetized
condition, whereas total duration clearly depended upon the severity
of the hypoxia in wild-type mice.

Contribution of central vs. peripheral ATP-sensitive potassium
channels in hypoxia-induced respiratory responses

As KO mice lack Karp channels in the whole body, involvement of
the peripheral K 7p channels in the control of severe hypoxia-induced
respiratory responses including gasping cannot be excluded. In
particular, heart and skeletal muscle Kapp channels, consisting of
Kir6.2 and SUR2A subunits (Inagaki et al., 1996), might contribute to
the hypoxic responses. However, the difference in gasping between
the wild-type and KO isolated head cannot be explained by the cardiac
K arp channels. In addition, mice lacking vascular smooth muscle-type
K arp channels containing Kir6.1 subunits exhibited gasping responses
similar to those of wild-type mice when decapitated, suggesting that
the Kir6.2-containing K 7p channels in the central nervous system are
crucial in the regulatory mechanism of gasping. Indeed, it has been
reported that the time to last gasp following decapitation and that
following exposure to systemic anoxia are similar in newborn rats
when the body temperature is equalized (Fewell, 2005), indicating the
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F1G. 11. Typical changes in respiration of mice subjected to severe hypoxia (4.5-5.0% O,) in unanesthetized condition. Raw traces of respiratory responses (A1)
and changes in the respiratory frequency relative to the mean frequency before hypoxic challenge (A2) of wild-type (WT) mouse subjected to 4.8% O-. Hypoxia was
imposed very slowly to compare gasping of WT with that of knockout (KO) mice (see Results). The response, which followed periods of tachypnea (onset, open
arrowhead in A2) and the initial depression (onset, filled arrow in A2), consisted of irregularly mixed depression (filled arrowheads in A2) and apnea-like periods
(open squares in A2) frequently accompanying large body movement [extraordinarily large deflections in the piezoelectric transducer (PZT) trace in A1]. A stable,
slow rthythm then emerged [inset (1)] and persisted until terminal breaths [inset (3), thin arrow). During this slow rhythm, the PZT shape (lower trace in the insets)
showed characteristics of either biphasic [inset (1)} or triphasic [asterisks in parentheses in inset (2)] persistent gasping. During the terminal breaths, a PZT shape
characteristic of terminal gasping is seen [inset (3), thin arrow]. The polarity of the PZT deflection is affected by the posture of the mouse. Note that changes in
percentage CO; correlated well with those of PZT responses. As a change in posture caused fluctuations in the response time of the percentage CO,, CO; traces in the
insets (above traces) were arranged to be readily correlated to individual PZT deflections. (B1 and B2) Similar to A but of a KO mouse subjected to 5.0% O,. The
hypoxic responses were irregular and persisted for only a short period. Filled arrowheads in insets (1) and (2) denote depression. Thin arrow in inset (3) denotes a
terminal gasp showing an atypical PZT shape. Traces of respiratory frequency were discontinuous at some points due to large spontaneous body movements masking
the breath.
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FIG. 12. Quantitative comparison of respiratory responses during hypoxia of wild-type (WT) and knockout (KO) mice in unanesthetized condition. (A-C)
Comparison of onset of tachypnea, initial depression and terminal gasping, respectively, for very severe hypoxia (4.5-5.0% O-). No significant difference was
detected in the onset of tachypnea. The onset of the initial depression of KO mice was similar to that of WT mice. In contrast, terminal gasping of WT mice began
significantly later than that of KO mice, demonstrating long duration of hypoxic response including depression, apnea and gasping in WT mice. (D) Onset of
terminal gasping plotted against percentage O, (4.5-7.0%). The gasping onset of WT mice shortened linearly as the O, concentration was lowered, whereas those in
KO mice were unaltered regardless of the concentrations within the range. Onset was measured from the time that the O, concentration began to decrease. N.S., not

significant.

critical importance of central regulation in the maintenance of severe
hypoxia-induced gasping.

Regarding the control of hypoxic gasping, the Karp channels in
peripheral chemoreceptors such as the carotid body could also be
involved. However, this is unlikely as the pattern of gasping and the
magnitude of phrenic bursts during gasping are not altered by carotid
sinus nerve stimulation (Neubauer et al., 1990). In addition, initiation
of gasping is not affected by sympathetic or parasympathetic
blockade, such as intracarotid administration of NaCN, indicating a
central regulation mechanism independent of autonomic integrity (St.
John & Knuth, 1981; Sanocka et al., 1992). Indeed, Kir6.2 mRNA was
not detected in the carotid body of mice, although Kir6.1 mRNA was
abundantly detected (data not shown).

Influence of CO. on gasping

Although gasping in the present study could result from hypocapnia
rather than hypoxia, this is unlikely as neither the frequency nor the
intensity of gasps was reported to be altered by hypocapnia
(St. John & Knuth, 198!). In addition, it is known that phrenic nerve
activity during gasping is not altered by reducing the end-tidal partial
pressure of CO, from normocapnic to various hypocapnic levels
(St. John & Knuth, 1981). Other investigators have also reported that
the pattern of gasping and the magnitude of phrenic bursts during
gasping are not altered by hypercapnea (Neubauer er al, 1990).
Indeed, in our experiment, the difference in gasping between KO and
wild-type mice under isocapnic hypoxia by 92% N,/3% C0,/5% O,
was similar to that detected by 95% N,/5% O, (data not shown).

Hypoxia-induced sighs and apnea-like period

In the initial hypoxic period under anesthetized condition, both wild-
type and KO mice showed similar onset and numbers of sighs,
indicating that Kir6.2-containing Kayp channels are not required for
the initiation or maintenance of sighs, although their involvement in
the modification of rhythmicity or relative amplitude cannot be
excluded.

Regarding the apnea-like period between sighs following tachypnea
in KO mice, no such period was detected in wild-type mice under
anesthetized condition. In addition, it is noted that very fast breathing-

like motions could be detected by PZT during a portion of the apnea-
like period.

In unanesthetized condition, apnea (Fig. 11, A2) was detected not
only in KO but also in wild-type mice in the middle stage of hypoxia.
It is thus of interest to determine if the very fast breathing-like motions
occur during apnea in the conscious state, and whether this is related
to the similar peak period of tachypnea and onset of depression
observed in both types of mice in unanesthetized condition.

Definition of gasping in mice

Among the conventionally used criteria of gasping, the rapid rise-time
of integrated phrenic bursts is reported to be inappropriate in small
mammals such as mice for distinguishing gasping from eupnea
(Fukuda, 2000; St. John & Paton, 2003). In the present study, we
included data on expiratory activity detected by PZT and divided
gasping in the anesthetized condition in adult mice into persistent
gasping of biphasic PZT shape and terminal gasping of wide phrenic
bursts. Discrimination of the period of persistent gasping from that of
depression was based on the symmetry and stability of the PZT shape,
which reflects the balance between inspiratory and expiratory body
movement detected by the vertical motion of the PZT.

In addition, gasping shown by triphasic shape was detected in the
unanesthetized condition. Distinct types of gasping have also been
reported by Gozal ef al. (1996) with whole body plethysmography of
immature rats in an alert condition. Prolonged, severe hypoxia elicited a
triphasic ventilation consisting of an initial expiration followed by an
inspiration and a second expiration (type 1 gasps), and a biphasic
ventilation consisting of a prominent initial inspiration followed by a
small expiration (type 11 gasps) (Gozal et al., 1996). In their study, no
biphasic gasping of symmetrical shape corresponding to persistent
gasping was mentioned. The relationship between triphasic and biphasic
gasping, and how expiration contributes to gasping are also of interest.

Mechanism of gasping

The cellular mechanisms underlying eupnea and gasping have been
discussed extensively (Ramirez ef al., 1998; Koshiya & Smith, 1999;
Lieske et al., 2000; Del Negro et al., 2002; Ramirez & Lieske, 2003;
St. John & Paton, 2003; Pena et al., 2004; Paton et al., 2006). It is
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proposed that gasping depends on intrinsic cellular mechanisms
localized in the pre-Botzinger complex in the medulla, especially
persistent sodium channel-dependent cellular properties (Del Negro
et al., 2002; Pena er al., 2004; Paton et al., 2006), whereas eupnea
depends on the complex interaction of neuronal networks in the
brainstem, either restricted or not restricted to the pre-Botzinger
complex. Selective lesioning of the pre-Botzinger complex eliminates
eupneic breathing but not gasping (Ramirez er al., 1998), suggesting a
complex nature of gasping in vivo. It has been reported that K,rp
channels comprising Kir6.2/SUR1 but not Kir6.1/SUR2 are
expressed in inspiratory neurons in the pre-Botzinger complex by
single-cell antisense RNA amplification-polymerase chain reaction
(Haller et al., 2001). Thus, it is of interest to clarify the participation of
Karp channels in the regulation of hypoxic ventilatory responses.

The present results using KO mice lacking Kir6.2 indicate that these
Karp channels are not essential for generating eupnea, sighs and
gasping but rather are critically involved in maintaining a level of
gasping and depression proportionate to the severity of the hypoxia,
which might well be essential in recovery by reoxygenation (Neubauer
et al, 1990). In addition, of the hypoxia-induced ventilatory
responses, only gasping and depression but not sigh were critically
affected in KO mice, suggesting an alternative mechanism of control
of sighs. The combination of recordings of phrenic nerve activity and
PZT responses in spontaneously breathing animals highlights the
importance of expiratory as well as inspiratory patterns in classifying
depression and gasping.

It is proposed that the duration of survival of neurons in the
respiratory centres after decapitation is determined by the balance
between the anoxic energy reserve and the cerebral metabolic rate
(Thurston et al., 1978). Opening of the Karp channels, which couple
the intracellular metabolic state with electrical activity, could well
minimize energy consumption to protect the brain in such conditions
(Ballanyi, 2004; Yamada & Inagaki, 2005). Further investigation is
required to clarify how Karp channels participate in the central
regulation of depression and gasping under severe hypoxia.

Supplementary material

The following supplementary material may be found on
www.blackwell-synergy.com

Fig. S1. Typical changes in respiration of wild-type and knockout
mice subjected to hypoxia without anesthesia.
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ARTICLE INFO ABSTRACT

Article history: Curcumin is a compound derived from the spice turmeric, and is a potent anti-oxidant,
Received 18 October 2007 anti-carcinogenic, and anti-hepatotoxic agent. We have investigated the acute effects of
Accepted 6 December 2007 curcumin on hepatic glucose production. Gluconeogenesis and glycogenolysis in isolated

hepatocytes, and gluconeogenetic enzyme activity after 120 min exposure to curcumin were
measured. Hepatic gluconeogenesis from 1 mM pyruvate was inhibited in a concentration-
Keywords: dependent manner, with a maximal decrease of 45% at the concentration of 25 uM. After
Curcumin 120 min exposure to 25 uM curcumin, hepatic gluconeogenesis from 2 mM dihydroxyace-
Diabetes mellitus tone phosphate and hepatic glycogenolysis were inhibited by 35% and 20%, respectively.
Liver Insulin also inhibited hepatic gluconeogenesis from 1 mM pyruvate and inhibited hepatic
Mice glycogenolysis in a concentration-dependent manner. Curcumin (25 pM) showed an addi-
tive inhibitory effect with insulin on both hepatic gluconeogenesis and glycogenolysis,
indicating that curcumin inhibits hepatic glucose production in an insulin-independent
manner. After 120 min exposure to 25uM curcumin, hepatic glucose-6-phosphatase
(G6Pase) activity and phosphoenolpyruvate carboxykinase (PEPCK) activity both were
inhibited by 30%, but fructose-1,6-bisphosphatase (FBPase) was not reduced. After
120 min exposure to 25uM curcumin, phosphorylation of AMP kinase «-Thr'’?2 was
increased. Thus, the anti-diabetic effects of curcumin are partly due to a reduction in
hepatic glucose production caused by activation of AMP kinase and inhibition of G6Pase
activity and PEPCK activity.

© 2007 Elsevier Ireland Ltd. All rights reserved.

1. Introduction flavoring agent. Curcumin is reported to have a wide range of
effects: it is anti-inflammatory (1], anti-oxidant [2,3] anti-
Curcumin is the major yellow pigment extracted from turmeric,  hepatotoxic[4], and hypocholesterolemic [5,6]. Curcumin alsois
the powdered rhizome of the herb curcuma longa. Turmeric is a reported to have a beneficial effect on blood glucose in diabetic
spice used extensively in curries and mustards as a coloringand rats [7,8]. However, while elevated hepatic glucose production is

* Corresponding author. Tel.: +81 75 751 3560; fax: +81 75 751 4244.
E-mail address: hosokawa@metab kuhp kyoto-u.ac.jp (M. Hosokawa).
Abbreviations: DHAP, dihydroxyacetone phosphate; FBP, fructose-1,6-bisphophatase; G6Pase, glucose-6-phosphatase; PEPCK, phos-
phoenolpyruvate carboxykinase; AMP kinase, adenosine monophosphate activated protein kinase.
0168-8227/$ - see front matter © 2007 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.diabres.2007.12.004
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found frequently in type 2 diabetes, it is not known whether
curcumin affects glucose metabolism in the liver. In the present
study, we demonstrate that curcumin suppresses hepatic
glucose production in an insulin-independent manner in
isolated hepatocytes. We also investigated the inhibitory effect
of curcumin on the activity of gluconeogenetic enzymes in
isolated hepatocytes. Our results show that curcumin activates
AMP kinase and suppresses both hepatic glucose-6-phospha-
tase (G6Pase) and phosphoenolpyruvate carboxykinase
(PEPCK), thus inhibiting hepatic glucose output.

2. Materials and methods
2.1. Animals

C57/BL6J mice were purchased from Shimizu (Kyoto, Japan).
The mice were allowed access to food, standard rat chow
(Oriental Yeast, Osaka, Japan), and water ad lib. The mice were
housed in an air-controlled (temperature 25+ 2°C and 50%
humidity) room with a 12 h light/dark-cycle. For gluconeogen-
esis measurements, the mice were fasted 24 h with free access
to water before the experiment. For glycogenolysis measure-
ments, the mice were allowed access to food and water ad lib
before the experiment.

2.2.  Hepatocyte preparation

Liver of 10-week-old mice was perfused through the inferior
vena cava with a buffer consisting of 140 mM NaCl, 2.6 mM KCl,
0.28 mM Na,HPO,, 5 mM glucose, and 10 mM Hepes (pH 7.4)
after pentobarbital sodium anesthesia as described previously
in Refs. [9,10). The perfusion was first for 5 min with the buffer
supplemented with 0.1 mM EGTA and then for 15 min with
the buffer containing 5 mM CaCl, and 0.2 mg/ml collagenase
type 2 (Worthington, Lakewood, NJ). All of the solutions were
prewarmed at 37 °C and gassed with a mixture of 95% O/
5%CO,, resulting in pH 7.4. The isolated hepatocytes were
filtered with nylon mesh (0.75 mm in diameter) and washed
twice with the buffer above without collagenase, and
suspended in a small volume of DMEM (GIBCO, Rockville,
MD) without glucose or pyruvate, and counted. The viability of
hepatocytes was evaluated by trypan blue staining. Samples
with viability of less than 90% were discarded.

2.3.  Hepatic glucose production

For gluconeogenesis measurements, hepatocytes (7.5x 10°)
were incubated at 37 °C in a humidified atmosphere (5% CO,) in
0.5 ml of DMEM without glucose but containing 1 mM pyruvate
or 2mM dihydroxyacetone phosphate (DHAP), 0.24 mM 3-
isobutyl-1-methylxanthine in the presence or absence of
curcumin or insulin. For glycogenolysis measurements, hepa-
tocytes (7.5 x 10°) were incubated at 37°C in a humidified
atmosphere (5% CO,) in 0.5 ml of DMEM without glucose or
pyruvate but containing 0.24 mM 3-isobutyl-1-methylxanthine
in the presence or absence of curcumin or insulin. Curcumin
was dissolved in DMSO to a concentration in the medium that
did not interfere with cell viability (maximally 0.1%, v/v).
Incubation was stopped by placing the cells on ice, followed by

centrifugation at4 °C for 60 s at 600 x g. The sampling was done
at 0, 30, 60, and 120 min. The supernatant was removed, the
cells were lysed in 0.1% of SDS in phosphate buffered saline, and
the protein content was determined (BCA kit, Pierce). The
glucose content of the supernatant was measured by
glucose oxidation method (100 Trinder kit, Sigma). The dose-
response of curcumin in gluconeogenesis and glycogenolysis
were obtained at the incubation time of 120 min.

2.4.  DNA synthesis measurement

DNA synthesis of hepatocytes was determined as the uptake
of 5-bromo-2'-deoxyuridine (BrdU) according to the instruc-
tion manual (Cell Proliferation ELISA, BrdU (colorimetric),
Roche Diagnostics, Manheim, Germany). After a 24-h pre-
incubation of isolated hepatocytes with curcumin (25 uM) or
vehicle in DMEM without glucose but with 10% fetal calf
serum, hepatocytes were incubated for an additional 2 h with
BrdU. The hepatocytes were fixed, and BrdU incorporationinto
DNA in hepatocytes was detected by ELISA. The results of
incorporation of BrdU were expressed as photo-absorbance
(wavelength 370-492 nm).

2.5.  Enzyme activities

Hepatocytes were incubated at 37 °C in a humidified atmo-
sphere (5% CO,) in DMEM without glucose but containing
1 mM pyruvate and 0.24 mM 3-isobutyl-1-methylxanthine in
the presence of 25 pM curcumin or vehicle (DMSO) for 120 min.
Incubation was stopped by placing the cells on ice followed by
centrifugation at 4 °C for 60 s at 600 x g. The supernatant was
removed, and the cells were homogenized using a glass/Teflon
homogenizer. In the microsemal preparation for the G6Pase
assay, 50 mM Tris-HC], pH 7.5, containing 250 mM sucrose,
and 0.2 mM EDTA, was used as the homogenizing buffer [11].
For assay of G6Pase, liver microsomal fraction was prepared as
follows: homogenate obtained as above was centrifuged at
20,000 x g for 20 min at 4 °C, and was then ultracentrifuged at
105,000 x g for 1 h at 4 °C. The resulting sediments were used
for G6Pase assay [11]. The G6Pase activity was measured with
intact microsomal preparation. Activity of G6Pase was
determined as described by Passonneau and Lowry [12].

For liver PEPCK and fructose-1,6-bisphophatase (FBPase)
assays, the homogenizing buffer contained 0.1 M Tris-HCl, pH
7.5, 0.15M KCl, 5mM EDTA, 5mM dithiothreitol, and 5 mM
MgS0, [11]. The homogenate was centrifuged at 105,000 x g for
1 hat4 °C,and the supernatant was collected. Activity of FBPase
was determined as described by Passonneau and Lowry([12].

Activity of PEPCK was determined as described by
Nakagawa and Nagai [13]. All enzyme activity was measured
photometrically using BIO-RAD Benchmark Plus.

Enzyme activities are expressed as the number of substrate
molecules converted by 1 mg cytosolic or microsomal protein
per minute. The liver microsomal fraction was solubilized by
addition of 0.1% SDS before protein determination.

2.6. Immunoblotting analysis

Hepatocytes were incubated at 37 °C in a humidified atmo-
sphere (5% COj) in 10ml of DMEM without glucose but
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containing 1 mM pyruvate and 0.24 mM 3-isobutyl-1-methyl-
xanthine in the presence of 25 pM curcumin or vehicle (DMSO)
for 120 min. Incubation was stopped by placing the cells on ice
followed by centrifugation at 4°C for 60s at 600 x g. The
supernatant was removed, and the cells were homogenized in
ice-cold lysis buffer (50 mM Tris-HCl, pH 7.4, 50 mM NaF, 1 mM
sodium pyrophosphate, 1mM EDTA, 1mM EGTA, 1mM
dithiothreitol, 0.1 mM benzamidine, 0.1 mM phenylmethyl-
sulfonylfluoride, 0.2 mM sodium vanadate, 250 mM mannitol,
1% Triton X-100, and 5 pg/ml soybean trypsin inhibitor). The
cell lysates were sonicated twice for 10 s and centrifuged at
13,000 x g for 5 min. The pellets were discarded, and super-
natants were assayed for protein concentration. Equal
amounts of proteins (50 ng) were subjected to SDS-polyacry-
lamide (8%) gel electrophoresis and transferred onto nitro-
cellulose membranes (PROTRAN, Schleicher & Schuell) by
electroblotting. After pre-incubation with blocking buffer (PBS
containing 0.1% Tween 20 and 5% nonfat dry milk) for 2 h at
room temperature, blotted membranes were incubated with
each primary antibody (phospho-AMP kinase a-Thr*’? anti-
body or AMP kinase o antibody, Cell Signaling Technology,
Danvers, MA) overnight at 4 °C, followed by washing twice
with blocking buffer. Membranes were then incubated with a
horseradish peroxidase-linked anti-rabbit IgG (Amersham) for
1h at room temperature, washed twice in PBS containing
0.04% Tween 20, and visualized by ECL Western blotting
detection reagents (Amershamy). Densitometry was carried out
to measure band intensities and phosphorylated AMP kinase
o-Thr'’2 was normalized by the levels of AMP kinase a protein.

2.7. Materials

Curcumin was purchased from Wako Chemicals (Osaka,
Japan). Standard rat chow was from Oriental Yeast (Osaka,

Japan). Human insulin was from Novo-Nordisk (Copenhagen,
Denmark). All other chemicals were of reagent grade.

2.8.  Statistical analysis

Results are mean + S.E.M. (n = number of animals). Statistical
significance was evaluated using two-tailed Student’s t-tests.
Differences among groups were also statistically examined by
one-way ANOVA (Fisher’s PLSD test). P < 0.05 was considered
significant.

2.9.  Ethical considerations
All studies were performed in the laboratories of the

Department of Diabetes and Clinical Nutrition, Kyoto Uni-
versity, in accordance with the Declaration of Helsinki.

3. Results

3.1.  Effect of curcumin on hepatic gluconeogenesis in
freshly isolated hepatocytes

Fig. 1A shows the time course of inhibition by curcumin of
hepatic gluconeogenesis from pyruvate. After 30, 60, and
120 min exposure to 25 pM curcumin, hepatic gluconeogen-
esis was significantly inhibited by approximately 45%, 40%,
and 45%, respectively. The viability of the hepatocytes was not
affected by 120 min exposure to 25 pM curcumin (control:
78 £ 1% vs. curcumin: 79 & 2%). Fig. 1B shows the time course
of inhibition by curcumin of hepatic gluconeogenesis from
dihydroxyacetone phosphate. After 120 min exposure to
25 uM curcumin, hepatic gluconeogenesis was significantly
inhibited by approximately 35%.
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Fig. 1 - Time course of inhibition in hepatic gluconeogenesis from 1 mM pyruvate (A) and 2 mM DHAP (B). Isolated
hepatocytes from fasted mice were incubated in the presence of 25 uM curcumin or vehicle for 2 h. Glucose content in
supermatant was measured by glucose oxidation method. Each point shows mean + S.E.M. (n = 6). *P <0.05, **P <0.01
compared with control by unpaired Student’s t-test. Control (O), curcumin (@).
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As shown in Fig. 2, curcumin inhibited hepatic gluconeo-
genesis from pyruvate at the incubation time of 120 min in a
concentration-dependent manner.

As shown in Fig. 3, after 120 min exposure to insulin,
hepatic gluconeogenesis from pyruvate was inhibited in a
concentration-dependent manner. After 120 min exposure to
various concentrations of insulin (0.1, 1, and 10 nM) in the
presence of 25 uM curcumin, hepatic gluconeogenesis from
pyruvate was further inhibited by approximately 45% when
compared to that in the absence of 25 uM curcumin.

3.2.  Effect of curcumin on DNA synthesis in isolated
hepatocytes

To determine whether curcumin is toxic to hepatocytes, we
examined the effect of curcumin on DNA synthesis in isolated
hepatocytes. After 24 h exposure to 25 pM curcumin, BrdU
incorporation into DNA in isolated hepatocytes was not
decreased compared to control, indicating no suppressive
effects of curcumin on DNA synthesis (Fig. 4).

3.3.  Effect of curcumin on hepatic glycogenolysis in freshly
isolated hepatocytes

Fig. 5A shows the time course of inhibition by curcumin of
hepatic glucose production from glycogenolysis. After 60 and
120 min exposure to 25 uM curcumin, hepatic glycogenolysis
was significantly inhibited by approximately 10% and 20%,
respectively. As shown in Fig. 5B, curcumin inhibited hepatic
glycogenolysis at the incubation time of 120min in a
concentration-dependent manner. As shown in Fig. 6, after
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Fig. 2 - Concentration-dependence of inhibition in
gluconeogenesis from 1 mM pyruvate by curcumin at the
incubation time of 120 min in isolated mice hepatocytes.

Each point shows mean + S.E.M. (n = 6). P < 0.001 by one-
way ANOVA.
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Fig. 3 - Concentration-dependence of inhibition in
gluconeogenesis from 1 mM pyruvate by insulin in the
presence and absence of 25 pM curcumin in isolated mice
hepatocytes. Each point shows mean * S.E.M. (n = 6).

P < 0.001 by one-way ANOVA. *'P < 0.01 compared with
insulin alone by unpaired Student’s t-test. Insulin alone
{open bar), insulin plus curcumin (closed bar).

120 min exposure to insulin, hepatic glycogenolysis was
inhibited in a concentration-dependent manner. After
120 min exposure to various concentrations of insulin (0.1,
1, and 10nM) in the presence of 25 pM curcumin, hepatic
glycogenolysis was further inhibited by approximately 20%
compared to that in the absence of 25 pM curcumin.

3.4.  Effect of curcumin on activities of hepatic
gluconeogenetic enzymes

To further investigate inhibition of hepatic glucose production
by curcumin, we measured the activities of key gluconeoge-
netic enzymes, G6Pase, FBPase, and PEPCK. After 120 min
exposure to 25uM curcumin, hepatic G6Pase activity and
PEPCK activity were significantly inhibited by approximately
30%, but FBPase was not inhibited (Fig. 7).

3.5.  Effect of curcumin on phosphorylation of AMP kinase

AMP kinase activation was monitored in Western blots by
staining with a specific antibody against phosphorylated Thr'’?
of AMPkinase«, which is essential for AMP kinase activity. After
120 min exposure to 25 pM curcumin, phosphorylation of AMP
kinase o-Thr'’? was significantly increased by 70% when
normalized by total content of AMP kinasea, clearly indicating
curcumin activation of AMP kinase (Fig. 8).

4., Discussion

This is the first study to show that curcumin reduces hepatic
glucose production. Our results demonstrate that curcumin
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Fig. 6 - Concentration-dependence of inhibition in
glycogenolysis by insulin in the presence and absence of
0 25 uM curcumin at the incubation time of 120 min in

isolated mice hepatocytes. Each point shows
Fig. 4 - The effect of curcumin on DNA synthesis in isolated mean + S.E.M. (n=6). P <0.001 by one-way ANOVA.

hepatocytes. After 24-h pre-incubation of isolated mice *P < 0.05 compared with insulin alone by unpaired
hepatocytes with 25 puM curcumin or vehicle in DMEM Student’s t-test. Insulin alone (open bar), insulin plus
without glucose but with 10% fetal calf serum, hepatocytes curcumin (closed bar).

were incubated for an additional 2 h with BrdU. The
results of incorporation of BrdU were expressed as photo-
absorbance (wavelength 370-492 nm). Control (open bar), inhibits both hepatic gluconeogenesis and glycogenolysis by
curcumin (closed bat). suppressing both G6Pase activity and PEPCK activity. As
curcumin had no suppressive effect on DNA synthesis in
isolated hepatocytes, the inhibition of hepatic glucose
production should not be a toxic effect. Indeed, Shen et al.
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Fig. 5 - (A) Time course of inhibition of hepatic glucose production from glycogenolysis by curcumin. Isolated hepatocytes
from fed mice were incubated in the presence of 25 pM curcumin or vehicle for 2 h. Glucose content in supernatant was
measured by glucose oxidation method. Each point shows mean + S.E.M. (n = 5). *P < 0,05, **P < 0.01 compared with control
by unpaired Student’s t-test. Control (O), curcumin (@). (B) Concentration-dependence of inhibition of glycogenolysis by
curcumin at the incubation time of 120 min in isolated mice hepatocytes. Each point shows mean + S.E.M. (n = 6). P < 0.05
by one-way ANOVA.
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Fig. 7 - Effects of curcumin on hepatic gluconeogenetic activities of G6Pase, FBPase, and PEPCK in isolated mice hepatocyte.
Isolated hepatocytes from fasted mice were incubated in the presence of 25 uM curcumin or vehicle for 2 h. All enzyme
activities were measured photometrically. Enzyme activities are expressed as the number of substrate molecules converted
by 1 mg cytosolic or microsomal protein per minute. Each point shows mean + S.E.M. *P < 0.05 compared with control by
unpaired Student’s t-test. Control (open bar), curcumin (closed bar).

Control Curcumin
e A Qe G pAMPK
[ —
W o Tgan o AVPK
3 -
25 1’
€T
22 2}
S s
> -
gf—? 15 |
Q. /2]
2 o
[} 1
&L
05 F
0 )

Fig. 8 - Effect of curcumin on activation of AMP kinase in
isolated mice hepatocytes. AMP kinase activation was
monitored in Western blots by staining with a specific
antibody against phosphorylated Thr'’? of AMP kinase «.
After 120 min exposure to 25 pM curcumin, the level of
phosphorylation of AMP kinase «-Thr'’? (pAMPK) was
significantly increased by 70% when normalized by total
content of AMP kinase « (AMPK), and is expressed as fold
stimulation over the control (mean + S.E.M., n =5) (lower
panel). Upper panel shows a representative immunoblot of
PAMPK and AMPK in hepatocytes from two mice in each
group. *P < 0.05 compared with control by unpaired
Student’s t-test. Control (open bar), curcumin (closed bar).

recently reported a protective effect of curcumin against warm
ischemia/reperfusion injury in rat liver [14].

Arun and Nalini reported that curcumin reduced blood
glucose in alloxan-induced diabetic rats [7], but the mechan-
ism of the anti-diabetic action was left unclear in that study. In
the present study, insulin was found to dose-dependently
inhibit hepatic gluconeogenesis, reaching a plateau at a
concentration of 10 nM. In the presence of 10 nM insulin,
the addition of 25 pM curcumin enchanced the inhibitory
effect of insulin on hepatic gluconeogenesis, demonstrating
that curcumin inhibits hepatic gluconeogenesis by a pathway
independent of insulin signaling. Thus, curcumin is an
insulin-sentitizing agent.

Recently, the major effect of metformin, a biguanide, was
reported to be inhibition of hepatic G6Pase activity and
hepatic glucose production in rats fed a high-fat diet [15].
Zhou et al. reported that metformin activated AMP kinase in
hepatocytes [16]. The activation of AMP kinase is known to
suppress gene expression of G6Pase and PEPCK and to
inhibit hepatic glucose production in an insulin-indepen-
dent manner [17,18]. In the present study, curcumin was
found to inhibit both G6Pase and PEPCK activity; we
therefore measured the effect of curcumin on AMP kinase
activity to clarify the underlying mechanism. Zang et al
reported that resveratrol, a polyphenol and an anti-oxidant,
which is a key component in red wine, stimulates AMP
kinase in hepatoma HepG2 cells [19]. Kim et al. reported that
cryptotanshinone, another anti-oxidant and a diterpene,
which was originally isolated from dried roots of Salvia
mlitorrhiza Bunge, showed anti-diabetic effects through
activation of AMP kinase {20]. Considering these findings
together, the potent anti-oxidant effect of curcumin may
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well be involved in the activation of AMP kinase. Further
investigation is required to clarify the anti-diabetic action of
curcumin in hepatocytes.

Biguanide sometimes shows the lethal adverse effect
of lactic acidosis in diabetic patients when prescribed
inappropriately. On the other hand, since curcumin is
derived from an extensively used dietary spice, the
compound may well be safely administered to humans.
Indeed, Sharma et al. administered oral daily curcumin to
advanced colorectal cancer patients without major adverse
effects [21]. Cheng et al. also administered oral daily
curcumin to patients with high risk or pre-malignant
lesions [22].

Considered together with our results, these data suggest
that curcumin might provide a valuable new therapy in the
treatment of type 2 diabetes.
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Comparison of M-Kyoto Solution and
Histidine — Tryptophan—Ketoglutarate Solution With a
Trypsin Inhibitor for Pancreas Preservation in Islet
Transplantation

Hirofumi Noguchi,"#**® Michiko Ueda,® Shuji Hayashi,” Naoya Kobayashi,® Hideo Nagata,’
Yasuhiro Iwanaga,' Teru Okitsu," and Shinichi Matsumoto™*

The use of University of Wisconsin (UW) preservation solution in islet transplantation has some disadvantages,
including inhibition of collagenase activity for pancreatic digestion. Histidine—tryptophan—ketoglutarate (HTK)
solution has demonstrated an efficacy similar to UW solution for organ preservation in clinical pancreas transplanta-
tion. Recently, we reported that islet yield from porcine pancreata was significantly gtreater when they were preserved
using M-Kyoto solution compared with UW solution. Here, we compared HTK solution with ulinastatin (M-HTK)
and M-Kyoto solution for islet yield. In porcine islet isolation, islet yield after purification was significantly greater in
the M-Kyoto/perfluorochemical (PFC) group compared with the M-HTK/PFC group. The M-Kyoto/PFC group hada
significantly lower ADP/ATP ratio compared with the M-HTK/PFC group, suggesting that different islet yields might
be due to the differences as energy sources of the solutions used. In conclusion, M-Kyoto/PFC solution is better for
pancreas preservation before islet isolation than M-HTK/PFC solution.

Keywords: [slet transplantation, Islet isolation, M-Kyoto solution, Histidine—tryptophan—ketoglutarate solution,

Trypsin inhibitor.

(Transplantation 2007;84: 655-658)

ancreatic islet transplantation represents a viable option

for the treatment of patients with unstable type 1 diabetes
mellitus who have frequent severe hypoglycemia and hypo-
glycemia unawareness (I-6). Since the Edmonton protocol
was announced, more than 500 type 1 diabetes patients in
more than 50 institutions have undergone islet transplanta-
tion to cure their disease. However, treatment of diabetic pa-
tients by pancreatic islet transplantation often requires the
use of islets from two to four donors to produce insulin inde-
pendence in a single recipient (1, 2, 5, 6). After isolation and
transplantation, islets are susceptible to apoptosis, which lim-
its their function and probably long-term islet graft survival.
Donor pancreata usually are preserved with University

of Wisconsin (UW) solution. Recent reports have shown that
the two-layer method (TLM), which uses oxygenated per-
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fluorochemical (PFC) and UW solution, is superior to simple
cold storage in UW not only for preserving the whole pan-
creas but also for improved viable islet yield in subsequent
islet transplantation (7, 8). However, use of UW solution in
islet transplantation has some disadvantages. The high potas-
sium concentration in UW solution causes insulin release
from pancreatic B cells (9), and the high viscosity of UW
solution may prevent sufficient flushing. Moreover, UW so-
lution inhibits the activity of Liberase, an enzyme blend used
for pancreatic digestion (10, 11). Our previous study showed
that ET-Kyoto (Kyoto solution®, Otsuka Pharmaceutical,
Tokyo, Japan) with ulinastatin (Miraclid®, Mochida Pharma-
ceutical, Tokyo, Japan) (M-Kyoto) in combination with PFC
significantly improved viable islet yields compared with UW/
PFC preservation (12). The effectiveness of ET-Kyoto solu-
tion has also been demonstrated in clinical lung transplanta-
tion (13, 14) and skin flap storage (15). ET-Kyoto solution
contains trehalose and gluconate. Trehalose has a cytoprotec-
tive effect against stress, and gluconate acts as an extracellular
anti-oncotic agent, which prevents cells from swelling (16).
Histidine— tryptophan —ketoglutarate (HTK) solution (Cus-
todiol®, Alsbach, Hihnlein, Germany), originally developed
for cardioplegia, is being used with increasing frequency in
cardiac, renal, and hepatic transplantation (17, 18). The pro-
tective effect of HTK solution is based on the strong buffering
capacity of histidine. This solution has a low viscosity, easy
handling properties and a relatively low cost. Some studies
have demonstrated comparable results between UW and
HTK solution for pancreas preservation not only in experi-
mental animal models (19-21) but also clinical pancreas
transplantation (22-24).

In this study, we compared M-Kyoto solution with
HTK solution containing ulinastatin (M-HTK) for islet
isolation. Animal studies were approved by the Institu-
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TABLE 1. Pigisletisolation characteristics

M-Kyoto M-HTK

(n=6) (n=4)
Pancreas size (g) 105.2*17.8 108.9%29.0
Operation time (min) 7.8%2.1 7.0x2.2
Warm ischemic time (min) 26.7*3.6 26.0+£2.9
Cold ischemic time (min) 123.0%+3.5 123.5%3.1
Phase I period (min) 10.2%3.6 9.5%2.1
Phase II period (min) 353%6.1 32.8%8.6
Data are expressed as mean*+SD.

TABLE 2. Pigislet characteristics

M-Kyoto M-HTK

(n=6) (n=4)
Islet yield before purification 10,121*1,674 7,904%+4,970
(IE/g)
Islet yield after purification 6,599+ 1,854 3,147£1,979
(IE/g)”

Viability (%) 96.5%2.7 96.4*+4.4
Score 9.3+0.6 9.5*1.0
Purity (%) 70.0x16.7 82.2+219
Recovery rate (%) 65.6+17.9 43.4+13.3
Stimulation iIndex 2.29+0.67 1.58+0.23

Data are expressed as mean*SD.
“ Islet yield after purification was significantly greater in the M-Kyoto/
PFC group than in the M-HTK/PFC group (P<0.05).

tional Animal Research Committees of Kyoto University,
Nagoya University, and Fujita Health University. Porcine
pancreata were obtained at a local slaughterhouse. About
10 minutes after the cessation of heart beating, the surgery
was started. After removing the pancreas, we immediately
inserted a cannula into the main pancreatic duct, infused ei-

02 P=0.05

0.15
2
g
-5
!—
L 0l
a8
<

0.05 |

0
\&Q QC &QQC
w° N

W W

FIGURE 1.

Transplantation + Volume 84, Number 5, September 15, 2007

=

Normoglycemic rate (%)

100

ther M-Kyoto or M-HTK preservation solution for ductal
protection, and placed the pancreas into the respective
two-layer preservation container (M-Kyoto/PFC or
M-HTK/PFC). Islet isolation was conducted in accordance
with the Kyoto Islet [solation Method modified in the Ed-
monton protocol (1, 4-6, 8, 12). The characteristics of the
porcine islet isolation protocols are shown in Table 1. There
were no significant differences in pancreas size, operation
time, warm ischemic time, cold ischemic time, Phase I period,
or Phase I1 period between the two groups. Islet yield before
purification was higher, but not significantly so, in the
M-Kyoto/PFC group (n=6) compared with the M-HTK/PFC
group (n=4). Islet yield after purification was significantly
higher in the M-Kyoto/PFC group compared with the M-
HTK/PFC group (Table 2). Other porcine islet characteristics
are shown in Table 2. There were no other significantly dif-
ferent characteristics between the two groups.

Islet function was assessed by the adenosine diphos-
phate (ADP)/adenosine triphosphate (ATP) ratio, which
shows the energy status of islets and correlates with transplan-
tation outcome, according to a procedure described by Goto
and colleagues (25). The ADP/ATP ratio was measured using
the ApoGlowTM kit (Cambrex Bio Science Nottingham Ltd.,
Nottingham, UK). The ADP/ATP ratio in the M-Kyoto/PFC
group was significantly lower than in the M-HTK/PFC group
(Fig. 1A). These data suggest that different islet isolation ef-
fects between the two preservation solutions might be due to
their differences as energy sources. To assess the islet graft
function of each group in vivo, mice with severe combined
immunodeficiency disease (SCID; CLEA Japan, Inc., Me-
guro, Tokyo) were used for the experiments. The recipients
were rendered diabetic by a single injection of streptozotocin
(STZ) ata dose of 220 mg/kg. The 1,500 or 2,000 [E pig islets
obtained from each group were transplanted into the renal
subcapsular space of the left kidney of diabetic SCID mice as
previously described (26-28). When 1500 IEs from each
group were transplanted below the kidney capsule of STZ-
induced diabetic SCID mice, the normoglycemic rate was

M-Kyoto/PFC

80 |

M-HTK/PFC
40
20

0 L . "
0 10 20 30
Days after transplantation

ADP/ATP ratio and transplant experiment. (A) The ADP/ATP ratio was measured to evaluate the energy status

of cultured islets using the ApoGlowTM kit. The ADP/ATP ratio in the M-Kyoto/PFC group was barely lower than in the
M-HTK/PFC group. Data are expressed as the mean*standard deviation. (B) Normoglycemic rate of STZ-induced diabetic
SCID mice after islet transplantation. Immediately after isolation, 1,500 IEs were transplanted below the kidney capsule of
diabetic SCID mice. Normoglycemia was defined as two consecutive posttransplant blood glucose levels showing less than

200 mg/dl (M-Kyoto group n=12; M-HTK group n==8).
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greater, but not significantly so, in the M-Kyoto/PFC group
(n=12) compared with the M-HTK/PFC group (n=8) (Fig.
1B). When 2000 IEs from each group were transplanted be-
low the kidney capsule of STZ-induced diabetic SCID mice,
the normoglycemic rate was more than 80% in both groups.

Inhibitory effects of collagenase on preservation solu-
tions, such as UW solution, result in poor islet yield and islets
of poor viability (10, I1). It has been reported that the com-
ponents in UW solution found to be most inhibitory were
magnesium, low Na+/high K+, hydroxyethyl starch (HES),
and adenosine. Allopurinol, in combination with either lac-
tobionate or glutathione, was markedly inhibitory, and the
most inhibitory solution tested was a combination of three
components, raffinose, glutathione, and lactobionate (11).
M-Kyoto solution has high Na+/low K+ and, of the UW
components, it contains only HES at a lower concentration.
Moreover, trehalose and ulinastatin in M-Kyoto solution in-
hibit collagenase digestion less than UW solution (12). The
M-HTK solution includes magnesium, but does not include
HES, adenosine, allopurinol, lactobionate, glutathione, or
raffinose. It has also been shown that the adenosine, allopuri-
nol, and glutathione are not essential for the cold storage of
pancreatic digests prior to islet purification (29). To assess the
inhibitory effects on collagenase by M-Kyoto and M-HTK
solutions, the rate of inhibition on collagenase digestion was
measured in accordance with the modified method as previ-
ously described (11). The median digestion time was 79.0£2.9
min for M-Kyoto solution and 77.0t=1.3 min for M-HTK solu-
tion. There are no significant differences between the two solu-
tions on collagenase activity. Therefore, the different islet yields
after purification are not due to differences in collagenase inhi-
bition between these two solutions.

The TLM is important for preserving pancreata be-
fore islet isolation because it helps to preserve the organ,
whereas UW preservation results in the deterioration of
both islet isolation efficacy and posttransplant islet func-
tion (7, 8). The pancreas is directly oxygenated by PFC
during pancreas preservation and maintains a high level of
ATP in tissues. ATP drives a sodium pump, maintains cell
integrity and repairs warm ischemic injury (30, 31). After
significant warm ischemic injury, adenosine in UW solu-
tion is used as a substrate of ATP synthesis, however, with-
out significant warm ischemia, ATP is generated from ADP
or AMP located in the cells. We showed previously that
ATP levels after preservation in M-Kyoto/PFC were simi-
lar to those in UW/PFC preservation and that adenosine is
not importance for ATP generation when the warm isch-
emic time was less than thirty minutes (12). In this study,
neither the M-Kyoto solution nor the M-HTK solution
included adenosine. The ADP/ATP ratio in the M-Kyoto/
PFC group was around half of that measured in the
M-HTK/PFC group (Fig. 1), suggesting that different islet
isolation effects between the two preservation solutions
might be because of their differences as energy sources.
Because energy status is an excellent predictor of successful
pancreas transplantation (32), a low ADP/ATP ratio also
might reflect effective two-layer preservation. Gluconate
as an energy source or trehalose as a cytoprotectant might
contribute to the effective M-Kyoto/PFC preservation of
warm ischemically damaged pancreata.

Brief Reports 657

In conclusion, M-Kyoto solution is superior to M-HTK
solution for islet isolation. The improved pancreas preserva-
tion and islet isolation by M-Kyoto solution was not due to
differences in collagenase digestion between the two solu-
tions. However, a significantly lower ADP/ATP ratio was ob-
served in the M-Kyoto/PFC group, compared to the M-HTK/
PFC group, suggesting that the energy sources might be a
factor in the islet vield differences observed between the two
solutions. On the basis of these data, we now use M-Kyoto
solution for clinical islet transplantation from non-heart-
beating donor (NHBD) pancreata. M-Kyoto/PFC preser-
vation makes it feasible to use NHBDs for efficient islet
transplantation into type 1 diabetes.
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Abstract: Embryonic stem (ES) cells may offer an unlimited cell source for the treatment of diabetes. However, a successful
derivation of ES cells into islet-cells has proven to be more difficult than it was initially expected. Considering that the pancreas
coordinates the global usc of energy in the organism by secreting digestive enzymes and hormones, it is understandable that a
sophisticated and tight regulation that lies on the pancreas itself to orchestrate its own tissue development and maturation. The
complex process of endocrine cell differentiation can be better understood by analyzing the normal development of the
pancrcas. The proper detection of the signals provided in the pancreatic environment gives us a clue as to how the stem cells give
rise to the whole pancreas. Careful and extensive screening of the natural or synthetic cytokines and growth factors and
biochemical compounds that arc cssential in pancreatic development is required to properly mimic the process in vitro. Such a
study would allow the researchers to achieve selective control of the differentiation and proliferation of the stem cells.

The development and identification of the key molecules can provide us new insights into the pancreatic differentiation of the
stem cells. We herein discuss the role of the microenvironment and transcriptional factors and cytokines, which have been
recognized as important molecules during the major steps of the development of the pancreas. Finally, a more complete
comprchension of the mechanisms that drive the pancreatic regencration will provide us with new perspectives for future

prophylactic and therapeutic interventions.

Keywords: Pancreas development, B-cell differentiation, cell therapy, diabetes, stem cells, cell-fate modulation, tissue regeneration,

tissue homeostasis.

INTRODUCTION

Clinical islet transplantation has been a very promising cure
for diabetes mellitus, thus allowing patients to become insulin-
independent using a glucocorticoid-free immunosuppressive
regimen. However, given the current global donor shortage, the
widespread use of islet transplantation has been seriously
restricted [1, 2]. The generation of insulin-producing cells
derived from embryonic stem (ES) cells could constitute a
potential alternative source to the cadaveric-derived pancreatic
islets for the treatment of diabetes. ES cells can be unlimitedly
propagated in vitro while maintaining their undifferentiated
state. ES cells are also able to closely mimic the natural
development in vitro of forming spherical aggregates, the so-
called embryoid bodies (EB). EB formation can itself derivate
tissues of three germinal layers [3]. This early observation in EB
has been widely used to differentiate islet cells. In addition, in
order to remove the undesired cells and enrich the pancreatic
committed  cells population Insulin-Transferrin-sodium
Selenium (ITS) selection has been widely utilized. The
remaining cells are stimulated to grow and recover using growth
factors such as epithelial growth factor (EGF) and fibroblast
growth factor-2, (FGF-2) [4-7]. Eventually, such resulting cells
after the intake of insulin can be artificially identified as
insulin-secreting cells. However, these cells are actually
incapable of synthesizing insulin de novo [6, 7]. These
premature results have indicated that the difficulty in
differentiating bhona-fide the ES cells is greater than was that
expected. Meanwhile, the natural development of the pancreas,
which is tightly regulated by the local and neighboring  stimuli,
is poorly understood. We will herein mainly focus on the major
steps of pancreatic development, which may contribute to a
better understanding of the main factors involved in the p-cell
differentiation process. Moreover, we will discuss the role of the
major transcriptional factors, which drive the pancreatic islet
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development. Finally, this study may contribute to the
development of new approaches for ES cell differentiation
toward the f-cell phenotype.

ENDODERM FORMATION

ES cells are derived from the inner cell mass of the
blastocyst; such ES cells are in fact a group of the
undifferentiated cells localized in the epiblast. The -epiblast-
derived cells in vivo give rise to the three principal germ layers
through a process called gastrulation, and thus their terminally
differentiated tissues [3, 8]. The initiation of gastrulation is
recognized by the formation of the primitive streak (PS) at the
posterior part of the epiblast. Then, within the PS, the
mesendoderm cells regulate the expression of several genes,
such as goosecoid (GSC) forkhead box A2, (Foxa 2), chemokine
C-X-C motif receptor 4 cxcr4, sex determining region-Y box 17
(Sox17a/p), brachyury, E-cadherin, vascular endothelial growth
factor receptor-2, (VEGFR2), VE-cadherin, platelet-derived
growth factor receptor-a (PDGFRat), and GATA binding protein
4, (GATA-4) for the cell-fate differentiation of the definitive
endoderm and mesoderm progenitors. The endoderm has two
main populations, namely the visceral and the definitive
endoderm. The visceral endoderm is derived from the PS
overlaying cells, which are eventually displaced to integrate
with the extra-embryonic yolk sac related tissues [8, 9]. Such
visceral yolk sacs can early and highly express a-fetoprotein,
(AFP), albumin, insulin-II, and in a lower rate insulin-I too, but
they lack Neurogenin-3 (Ngn3), Islet-1 (Isl-1), Neuro D/B2, and
glucagon [10, 11]. Moreover, insulin-I, Neuro D/B2, and Isl-1
are expressed in both the endocrine cells and the neurons, but
Ngn-3 and glucagon are exclusive to the endocrine- developing
pancreas [12]. Therefore, insulin-, AFP- or albumin-analyses
would not be appropriate. Contribution of the visceral yolk sac-
derived cells and neurons can also overestimate the
differentiated populations. In contrast, the definitive endoderm
is only derived from within the PS, and mostly from the anterior
part (Fig. 1) [8, 9]. Recently, researchers have clearly
demonstrated in a comprehensive study the in  vitro
differentiation of both human and mouse ES cells into the
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Fig. (1). Schematic representation of definitive endoderm and its derived tissues.

The left panel shows the normal distribution of the three germinal layers post-gastrulation and their relations, which determine the tissue-specific
differentiation. The right panel shows how the definitive endoderm is responsible for deriving the entire gastrointestinal tract and lungs; in particular the
portion subjacent to the notochord is capable of originating pancreatic tissuc.

definitive endoderm with a high efficiency using Activin A and
a low serum concentration. Their analyses clearly indicate the
possibility to modulate in vitro a direct differentiation of the
ES cells instead of the EB formation [9, 13]. The definitive
endoderm cells are the only cells that can truly originate the
gastrointestinal tract, including the pancreas and liver [9].
Researchers have found that the differentiation protocols based
on EB formation can render less than 1% of the differentiated p-
like cells. However, upon stimulation with Activin BB, Exendin-
4, and nicotinamide, they may increase up to 2.73% [I1].
Considering these results and the fact that the islet cells
represent less than 2% of the total pancreatic tissue, different
approaches are required.

Neurvevtoderm

DEVELOPMENT OF THE PRIMITIVE PANCREAS

Once committed, definitive endoderm cells align along the
vertical body axis to form the gut tube, which is then divided
into the foregut, midgut and hindgut. The dorsal primitive
pancreas is derived from the dorsal endoderm of the foregut and
midgut, along with the dorsal part of the esophagus, stomach,
and duodenum (Fig. 1). Initially, the dorsal endoderm and the
notochord are united while flaked in the counterpart by the
cardiogenic primordium until the dorsal aorta fuse (on E9.5 in
mice), which separates the endoderm from the notochord. These
extracellular signals from the neighboring cells result in the
expression of the tissue- and cell type-specific  transcriptional
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Fig. (2). Tissue-specific differentiation of the primitive pancreas.

A schematic representation shows the extracellular signals from the neighboring tissues, which regulate the tissue- and cell type-specific differentiation.
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